Background. Patients with metastases in four or more axillary lymph nodes (C4?ALN) represent a subset of patients with breast cancer who are at increased risk of local recurrence and who benefit from postmastectomy radiation. Risk prediction models designed to identify such patients have been published by Rivers et al., Chagpar et al., and Katz et al. We sought to evaluate and compare the performance of these models in an independent patient population. Methods. We reviewed 454 patients with breast cancer with one to three positive sentinel lymph nodes who underwent completion axillary lymph node dissection at our institution. Each of the three published models was applied to our sample as described in the respective publications. The models' performances were analyzed with the Hosmer-Lemeshow goodness-of-fit test and with the area under the curve (AUC). Sensitivity, specificity, and false-negative percentages were calculated for clinically meaningful cutoff points of each score. 
lation based on the Hosmer-Lemeshow test (p = 0.82, p = 0.73, p = 0.71, respectively). Assessment of discriminatory ability for the models resulted in AUCs of 0.81, 0.73, and 0.81, respectively. Conclusions. The Rivers and Katz models performed well in our patient population and may be clinically useful to predict patients with C4?ALN. However, their clinical utility is limited by the current controversy surrounding the use of postmastectomy radiation for all node-positive patients.
Axillary node status is the most important prognostic factor in breast cancer. 1 Sentinel lymph node (SLN) surgery has emerged as the preferred technique for axillary staging. With a low morbidity and high negative predictive value, axillary lymph node dissection (ALND) can be safely omitted in patients with a negative SLN. 2 On the other hand, a completion axillary lymph node dissection (CALND) is standard care for patients with a positive SLN. However, this practice has been questioned because 40-60% of patients have no disease in the remaining axillary lymph nodes (ALNs), 3, 4 and for these patients CALND is unlikely to be beneficial. In addition, randomized trials with long-term follow-up suggest that prophylactic resection of occult axillary metastases is comparable to observation and delayed therapeutic ALND for cases of regional recurrence. 5, 6 Postmastectomy radiation therapy (PMRT) or extended field radiation after lumpectomy is considered standard of care for patients with four or more positive axillary lymph nodes (C4?ALNs). 7 These high-risk patients, regardless of the size of their primary tumor, are at increased risk for local and regional recurrence and therefore more extensive locoregional therapy is recommended. However, for patients with one to three positive SLNs, it is not known whether they will have C4?ALNs on final pathology after CALND, in which case nodal radiation would be indicated. Even though some series have reported that immediate breast reconstruction in the setting of PMRT can be performed with good cancer control and acceptable cosmesis, 8, 9 most surgeons and radiation oncologists would prefer to delay reconstruction if PMRT is anticipated. 10 Thus, although controversy exists about whether to proceed with immediate breast reconstruction, being able to predict who will have C4?ALNs on final pathology can substantially benefit the decision-making process of those who prefer delayed reconstruction in the setting of PMRT.
These conundrums have led to the development of statistical models to predict how likely a patient is to harbor additional metastatic nodes after resection of at least one positive SLN. The goal of these tools is to refine the selection of SLN-positive patients who will benefit from CALND due to additional metastases in non-SLNs. [11] [12] [13] In addition, another set of prediction models have been developed to identify high-risk SLN-positive patients who will likely harbor C4?ALNs.
14-16
Three distinct models have been developed to identify patients likely to harbor C4?ALNs. The first was published by Rivers et al., from the University of Michigan and M. D. Anderson Cancer Center. 15 The Rivers model assigns predicted probabilities of having C4?ALN depending on variables, including tumor size, number of positive SLNs, percent of positive SLNs, and presence or absence of lymphovascular invasion and/or extranodal extension, respectively. Subsequently, Chagpar et al. 14 introduced a scoring system based on available preoperative and intraoperative variables. This model assigns one point for each positive SLN, one point if the proportion of SLNs positive was 50% or greater, one point if the tumor was T2 instead of T1, and one point if the SLN metastasis was found using hematoxylin-eosin staining (as opposed to immunohistochemistry), providing a total maximum score of six points used to yield a corresponding predicted probability. Most recently, to delineate the extent of radiation therapy for patients with a positive SLN and do not undergo CALND, Katz et al. 16 developed a nomogram to identify patients who are likely to have C4?ALNs. This model incorporates primary tumor size, number of involved SLNs, size of largest SLN metastasis, lymphovascular invasion, extranodal extension, histology, and number of negative SLNs.
To our knowledge, such risk prediction models to identify patients likely to harbor C4?ALNs have not been evaluated and compared in an independent population. The objectives of this study were to assess and compare the performance of these scoring systems by applying them to our data set of SLN positive patients with CALND.
MATERIALS AND METHODS
With the approval of the Mayo Clinic Institutional Review Board, medical records were reviewed of 465 patients with clinically lymph node-negative breast cancer with 1-3 positive SLN(s) who underwent CALND at our institution from October 1997 through June 2004. The inclusion criteria, method of SLN identification, pathologic review, tumor, and SLN features are described in previously published reports. 13, 17, 18 The performance of several models for the prediction of additional non-SLN disease has been evaluated in this population, and the Mayo model was developed using this cohort. [11] [12] [13] 17 Briefly, SLNs were identified using radioisotope and/or blue dye according to surgeon preference. Intraoperative frozen section and permanent hematoxylin and eosin (H&E) stains were performed on all SLNs. Immunohistochemical (IHC) stains were performed on all SLNs that were negative by frozen section examination and permanent H&E. SLNs were considered positive if metastasis was noted on IHC or H&E. The database also includes variables for age, pathologic size of primary invasive breast tumor, histology, lymphovascular invasion, extranodal extension, size of largest SLN metastasis, number of positive and negative SLNs, and number of positive non-SLNs for each patient ( Table 1) .
Each of the three published models was applied to our sample as described in the respective publications. The Chagpar model could only be applied to patients with tumor stages 1 or 2 based on the sample used to create that model and the model definition (i.e., one point added for being T2 vs. T1); thus, 39 patients with T3 tumors in our sample did not have Chagpar scores calculated, but these patients are included in the evaluation of the Rivers and Katz models. The Chagpar model also added one point to the score if the SLN metastasis was detected by H&E instead of IHC; our patients had frozen section as an additional option for the method of detection; because the model did not allow for this possibility, we treated this as H&E detection in applying the model. The scores derived from applying the logistic regression coefficients reported in Table 3 of the Rivers publication were converted to predicted probabilities in the standard fashion for a logistic regression equation: predicted probability = exp(score)/ (1 ? exp(score)).
The Rivers model results in a score that is interpretable as the predicted probability of C4?ALNs, and as such ranges from 0 to 1. The Chagpar model results in an integer score from 1-6 with higher scores corresponding to higher likelihood of C4?ALNs. The Katz model results in a score that will range between -53 and ?45 in most patients; negative scores translate to probabilities of C4?ALNs that are \0.50, whereas positive scores translate to probabilities Fig. 2 from Katz et al. 16 ). Model discrimination was assessed by comparing average scores between those with four or more versus less than four positive nodes using a two-sample t test. The receiver operating characteristic (ROC) curve was generated for each model, and the area under the curve (AUC) with 95% confidence intervals was calculated. AUCs were compared across models using the DeLong error method. Model calibration was assessed by the Hosmer-Lemeshow goodness-of-fit statistic and by comparing observed proportions and their 95% exact binomial confidence intervals in specific score ranges to the model-based or reported probabilities in those ranges; p values were calculated for such comparisons using the binomial distribution. In addition, loess-estimated curves of the relationship between predicted and actual probability were plotted for a visual assessment of calibration. Sensitivity, specificity, and false-negative percentages were reported for clinically meaningful cutoff points of each score. Sensitivity and specificity estimates were compared between prediction rules using McNemar's test for paired proportions or the analogous sign test in cases where the number of discordant pairs was \20. Analysis was performed using SAS (Version 9.1.3, SAS Institute Inc., Cary, NC) and R (Version 2.7.1, R Foundation for Statistical Computing, Vienna, Austria). Calibration figure was created using the R package Design. 19 p Values \0.05 were considered statistically significant.
RESULTS
Out of the 465 eligible patients in our database, 10 patients were excluded because they had more than four positive SLNs. Of the remaining 455 patients, one patient with unknown tumor size was excluded because tumor size is necessary for each of the models being validated. Thus, the analysis sample includes 454 patients with complete data. Of these, 87 (19.2%) had C4?ALNs (positive SLNs ? positive non SLNs). Characteristics of the overall cohort and of the patients with C4?ALNs are described in detail in Table 1 .
A summary of model discrimination appears in Table 2 . Each of the scores was significantly associated with the presence C4?ALNs (p \ 0.0001). However, the score ranges in the two outcome categories overlap almost entirely for each model. Both the Rivers and Katz models had an AUC value of 0.81 in our sample, whereas the AUC of the Chagpar model was significantly lower than both of these at 0.73 (p B 0.01 for both comparisons). This difference in AUC values is represented in Fig. 1 .
With respect to calibration, the Hosmer and Lemeshow goodness-of-fit statistics had nonsignificant p values (Rivers p = 0.82, Chagpar p = 0.73, and Katz p = 0.81) for scores derived from each of the three models suggesting that none stands out as particularly superior or inferior in this regard. We examined the observed proportions with four or more nodes positive in specific score categories (Table 3 ) and compared them to the published or model-based probabilities associated with those scores. Generally, each of the models seemed to calibrate fairly well to the reported or model-based estimates of the proportion with four or more positive nodes. Intervals where the observed proportion from our sample fell outside the predicted/reported range are shown in bold. We note, however, that these are more commonly overestimates than underestimates, they often are in the higher probability regions, and in no case are these differences large enough that we can say our observed proportion is significantly different from the predicted/reported proportion. The first two points are confirmed by examining the calibration curves for each model (Fig. 2) . The probabilities reported by Chagpar consistently overestimated the actual probabilities in our sample. On the other hand, the Katz model showed a trend toward underestimating the probability in the lowest two categories of probability, which is of more concern given how these probabilities may be used to make clinical decisions. Those with a score of -53 or less were predicted to have a likelihood C4?ALNs of 0.005 or less; yet 1 of 21 (5%) of our patients in this category had C4?ALNs; the probability of observing 1 of 21 if the true probability were 0.005 is p = 0.10. Combining the bottom two categories, we observed 2 of 48 (4%) with C4?ALNs; the chance of observing this number if the true probability were 0.01 (the upper end of the range) is p = 0.08. If the Katz nomogram were used with a cutpoint of -29 for a probability of 0.05 or less, we found 4% with C4?ALNs in that range. Therefore, in general the model performs reasonably well at low probabilities, but we have reason to believe that the lowest probabilities (0.005 and 0.01) might be underestimates. Accuracy statistics at the cutoff points of 5% and 10% predicted probability are reported for the Rivers and Katz models and at the cutoff points of 1, 2, or 3 points for the Chagpar model in Table 4 . Because we observed zero patients with a Chagpar score of 1 and only two patients with a Chagpar score of 2 who had C4?ALNs, those cutoff points provide 100 and 97% sensitivity, respectively, but also have very poor specificity at only 1 and 20%, respectively. A Rivers cutpoint of 5% yielded sensitivity of 90% and specificity of 46%, whereas the Katz model at the same cutpoint had sensitivity of 93% and specificity of 44% (p = 0.45, p = 0.28 for sensitivity and specificity respectively).
DISCUSSION
The prediction and possible identification of high-risk patients more likely to harbor C4?ALNs could be of clinical use in the following scenarios: (1) intraoperative decision making regarding the delay of immediate reconstruction if PMRT is anticipated in patients with primary tumors \5 cm and one to three positive SLN, and (2) planning the dosing and extent of radiotherapy for patients with positive SLNs who do not undergo CALND.
For a variety of reasons, some patients with positive SLNs do not undergo CALND. 20 The appropriate treatment for these patients is unclear. In these circumstances, radiation oncologists must decide whether radiotherapy to the regional nodes is warranted with limited information about the extent of axillary involvement. After breast conserving surgery, one option is to perform a standard tangential field approach, extending the borders of the radiation field to adequately treat up to 80% of Level I/II axillary lymph nodes. 21 The issue is that patients with C4?ALNs have a higher risk of locoregional recurrence in the supraclavicular fossa or axillary apex. 22 To decrease this risk, some radiation oncologists advocate the addition of a supraclavicular/axillary apex field to tangential breast radiation in a more comprehensive approach, but this approach also carries an increase in treatment-related morbidity. Therefore, for women who do not undergo CALND, it would be valuable to predict which patients are at low risk for harboring C4?ALNs and could be spared the morbidity of comprehensive nodal radiation.
Risk models designed to predict the need for PMRT can have a clinical use assisting patients and their treating physicians in the complex decision-making process regarding their breast cancer treatment. Patients who would otherwise choose to have a mastectomy to try to avoid the adjuvant radiation therapy mandated with breast conservation therapy may choose partial mastectomy if adjuvant radiation is inevitable. 23 Unfortunately, such models would need to rely only on preoperative information and are not available yet.
The Rivers Model
When comparing our cohort with the one used to generate the Rivers model, the Mayo Cohort had a higher proportion of patients with C4?ALNs (19 vs. 14%) and tended to have more patients in worse categories, such as a higher proportion of patients with tumor size [2 cm, lymphovascular invasion, and extranodal extension.
To our knowledge, this is the first assessment of the performance of the Rivers model in an independent population and although no AUC is reported in the original Rivers et al. publication we found that the Rivers model achieved good discrimination in our patient population. Both the Rivers and Katz models use extranodal extension as a predictor variable. One could argue that because some radiation oncologists would offer PMRT for patients with even one positive LN demonstrating extranodal extension, these models may not alter clinical management. 24 Nonetheless, the primary value of these models is to serve as an adjunct to clinical judgment; if PMRT will be recommended on the basis of extranodal extension, then the model can be used selectively for those in whom extranodal extension is absent.
The Chagpar Model
The performance of the Chagpar model was poor in our sample with a significantly lower AUC (0.73) than the other two models and compared with those reported in the original training and validation samples (0.882 and 0.895). 14 We believe that the method of detection may have accounted for the lower performance of the model in our study because 81% of our sample was detected by frozen section and their model only allowed for H&E or IHC detection. In addition, the Chagpar model is limited by the fact that it does not take into account T3 patients and does not include other factors that have been extensively shown to be predictive of extensive nodal disease in multivariate analysis, such as lymphovascular invasion and extranodal extension. 25 
The Katz Model
The performance of the Katz model in the study and test sets of the original publication yielded AUCs of 0.83 and 0.81, very similar to the 0.81 encountered in this study. The Katz model is simpler to use compared with the Rivers model, but it could still be made easier with an online calculator. Although the Katz model performed fairly well overall, it tended to underestimate at the very low probabilities. For example, if someone is told that the probability is \0.005, he/she thinks that at most 5 of 1,000 or 1 of 200 will have C4?ALNs, but we observed one patient with C4?ALNs in only 21 patients who were in that score range. Despite this, the group with Katz probability B0.05 seemed on target as a whole with an observed proportion of 0.04 in our sample.
CONCLUSIONS
The performance of both the Rivers and Katz models were good in our patient population. These risk prediction tools could be useful for: (1) those who would prefer to delay reconstruction if PMRT is recommended, (2) those who would offer PMRT only for those with C4?ALNs, and (3) those who would obviate radiation therapy for patients with positive SLN who do not undergo CALND and have low probability of having C4?ALNs.
It is important to bear in mind that current nomograms do not advise clinicians when to delay immediate reconstruction due to a high likelihood of PMRT or when to proceed with immediate reconstruction due to a low likelihood of PMRT, rather they provide probability estimates to be taken into consideration with the overall clinical picture. In addition, specificity values are not perfect for any of the models, and the ranges almost completely overlap between the two outcome groups for each of the scores, so there may be room for improvement, although it is not clear that additional variables would be useful.
The issue of treating all node-positive patients with PMRT remains controversial. If the number of the metastatic nodes does not influence the decision for nodal radiation, then risk factors and nomograms for the prediction of C4?ALNs will not be helpful when discussing treatment options with patients with breast cancer. Until then, decision making regarding immediate reconstruction and need for PMRT in the setting of one to three positive SLNs as well as the extent of radiation therapy for SLNpositive patients who do not undergo CALND must be done in a multidisciplinary manner. 
